of recurrent incisional hernias. One mechanism for phenotypic selection of abnormal laparotomy wound repair fibroblasts is the loss of abdominal wall load-force signaling as the incision mechanically fails. It is recognized that mechanical load forces stimulate the repair of tendons [11] . Wound ischemia also ensues during early acute wound failure, propagating deficient soft-tissue repair. The best studies of incisional hernia formation confirm that early laparotomy wound failure is an important mechanism of incisional hernia formation (Table 1 ) [12] . It is likely that early mechanical failure of the laparotomy wound induces pathologic function of wound repair fibroblasts. By this mechanism, otherwise normal wound repair fibroblasts fail, without the primary expression of an extracellular matrix or wound repair disease. This hypothesis is now tested in at least one animal model where intentional mechanical laparotomy wound failure led to pathologic wound fibroblast function in vivo and in vitro [10] . It is possible that a subset of incisional hernia patients expresses a defect in extracellular matrix and/or wound repair function. It is hard to resolve that mechanism with the fact that the majority of surgical patients have no history of a wound-healing defect (making them surgical candidates) and also do not express a defect at the primary surgical site (gastrointestinal tract, vascular system, solid organs, and so forth). It is possible that mechanical failure is the major mechanism for incisional hernia formation and that the loss of mechanical load signaling or some other acute wound-healing pathway induces defects in repair fibroblast biology. As the tissue fibroblast is the major source for collagen synthesis and turnover, defects in fibroblast function are an important mechanism for subsequent tissue collagen disease.
With the limited information available, it is likely that primary hernias are the result of a connective tissue disorder, whereas secondary hernias (eg, incisional hernias) are most frequently due to technical failure, inducing a chronic wound. Recurrent hernias likely are a combination of both mechanisms.
Extra-cellular matrix and collagen disease
Medicine provides many clues for the role of the extracellular matrix during hernia formation. Lathyrism is an acquired disorder of the connective tissue that predisposes to hernia formation. A diet high in chickpeas inhibits collagen cross-linking leading to a laxity in fascial planes [13] . Ehlers-Danlos syndrome is a collection of collagen isoform disorders, also predisposing to hernia formation. There is growing evidence that patients with large-vessel aneurysmal disease express pathologic extracellular matrix metabolism, predisposing to dilated aortas and hernias. Early studies found that the rectus sheath of direct inguinal hernia patients was thinned, displayed disordered collagen fibers, and impaired hydroxylation of the collagen [1] . Increased proteolytic activity may cause weakness in structural tissue. Matrix metallo-protease (MMP)-2 overexpression was measured in fibroblasts of patients with direct inguinal hernias, and MMP-13 overexpression was detected in patients with recurrent inguinal hernias [14, 15] . Studies like these are observational, and it is not clear whether increased MMP expression leads to direct inguinal hernia formation. Alternatively, failing groin tissue may secondarily express increased MMP levels.
Many studies associate incisional hernias with impaired collagen and protease metabolism. Tissue from incisional hernias expressed more soluble (immature) collagen, increased ratios of early wound matrix collagen isoforms (collagen III), and increased tissue matrix metalloprotease levels [4, 16] . A decreased ratio of type I: type III collagen mRNA and protein was measured in the hernia ring and skin specimens obtained from patients with incisional hernias. Morphologic changes were present not only in the fascial tissue, but also in the hernia sac, skin specimens, and scar tissue surrounding explanted meshes of hernia patients. These studies were the most compelling for the presence of a genetic collagen defect in patients that develop incisional hernias.
Surgical wound healing
The mechanism of primary hernia formation is important to understand to improve diagnosis, to provide prognosis, and when modifying risks for hernia formation. Tissue matrix disorders that lead to primary hernia formation probably also impair surgical wound healing. Surgeons fundamentally seek a better understanding of the mechanism of successful and failed hernia repairs.
Acute wounds are defined by the loss of normal tissue structure and function in otherwise normal tissue where normal wound healing is expected to occur. An inter-regulated series of cellular and molecular events must be activated and modulated during the organization of a surgical wound matrix ( Fig. 1) [17] . It is the integrated summation of each pathway along the continuum of this host response to injury that results in acute wound healing. The phases of acute wound healing are described as hemostasis, inflammation, fibro-proliferation (scar formation), and wound remodeling. A defect or delay in the activation of any of the repair pathways expressed during normal laparotomy and hernia repair may lead to hernia formation. Wound infection, wound ischemia, and steroids all delay parts of the surgical wound-healing pathway [18] .
Abnormal wound matrix structure also contributes to the mechanism of recurrent hernias. Ideally, normal-appearing aponeurotic and fascial structures would regenerate following hernia repairs. Smoking and malnutrition can impair collagen structure [1] . Biologic approaches for ''normal'' laparotomy wounds might be guided by information gained from identified genetic or epigenetic pathways associated with hernia formation such as abnormal collagen matrix structure in Ehlers-Danlos syndrome or MMP/TIMP (tissue inhibitors of the MMP) expression in abdominal aortic aneurysm disease or in other chronic wounds.
Early mechanical wound failure (fascial dehiscence)
Growing evidence supports that incisional hernias and recurrent hernias are most often the result of early surgical wound-healing failure. The majority of incisional hernias appear to develop following the mechanical disruption of laparotomy wounds occurring during the initial ''lag phase'' of the wound-healing trajectory (Fig. 2) . Clinically evident laparotomy wound failure is a rare event, with reported dehiscence rates of 0.1% [19] . Prior literature examining wound healing concluded that incisional hernias were the result of late laparotomy wound failure and scar breakdown [2] . This concept was challenged by clinical studies of incisional hernias that recorded high primary and secondary recurrence rates after short-term follow-upd typically only 2 to 4 years [6] . Prospective studies find that the true rate of laparotomy wound failure is closer to 11%, and that the majority of these (94%) go on to form incisional hernias during the first 3 years after abdominal operations [12] . The real laparotomy wound failure rate is therefore 100 times what most surgeons think it is. By this mechanism, most incisional hernias and recurrent inguinal hernias originate from clinically occult dehiscences. The overlying skin wound heals, concealing the underlying myofascial defect. This mechanism of early mechanical laparotomy wound failure is more consistent with modern acute wound-healing science. There are no other models of acute wound healing, suggesting that a successfully healed acute wound goes on to break down and mechanically fail at a later date.
Incisional hernias occur when the laparotomy wound fails to heal. The fundamental mechanism may be an underlying wound-healing defect or inadequate surgical technique. When a laparotomy wound fails due to inadequate surgical technique, selective changes occur involving the wound fibroblasts and extracellular matrix molecules, leading to a pathologic chronic wound.
The mechanism of incisional hernia formation

Biologic components
Laparotomy wounds are totally dependent on suture until breaking strengths are achieved that are capable of offsetting the increased loads placed across an acute wound by a recovering patient. Tensile strength normalizes breaking strength to the surface area of the wound edge, thereby measuring a physical property of the particular wound and scar (tensile strength ¼ breaking strength/wound-edge surface area). Wound-breaking strength is more relevant for tissues placed under high loads. Burst abdomens, or acute fascial dehiscence with evisceration, are an important extreme of acute wound failure. They are associated with mortalities of 50% or greater [20] .
Acute wound healing fails when there is a deficient quantity or quality of tissue repair. Ultimately, it is the time required for the recovery of woundbreaking strength that determines the risk of acute wound failure. Inadequate hemostasis owing to platelet dysfunction or poor technique can result in hematoma formation with ensuing mechanical disruption of a provisional wound matrix. A delayed or deficient inflammatory response can result in wound contamination or infection with abnormal signaling for progression into the fibro-proliferative phase of acute tissue repair [21] . A prolonged inflammatory response owing to the presence of a foreign material, like a mesh implant, or wound infection will delay the progression of acute wound healing into the fibro-proliferative phase, where rapid gains in breaking strength should occur [22] . Delayed fibroblast responses in turn impede the synthesis of a provisional wound matrix, prolonging the period of time a surgical wound is subjected to increasing mechanical loads and dependent entirely on suture material and technique for strength.
Inflammation
Inflammatory cells marginate into injured tissue and an efflux of leukocytes and plasma proteins enter the wound site. Neutrophils arrive initially and function to phagocytose and debride the wound, but are not required for wound healing in clean wounds. Monocytes and tissue macrophages populate the inflammatory infiltrate within 2 to 3 days. Macrophages phagocytose injured tissue and debris as well as secrete multiple growth factors. The macrophage orchestrates tissue repair and appears to be the only inflammatory cell type absolutely required [23] .
Overall tissue strength of a wound is essentially zero during this inflammatory phase, thus an excessive or prolonged inflammatory response as is seen with incisional foreign bodies, like suture or mesh material, or infections predispose to wound failure. Steroids can reduce wound inflammation, but also inhibit collagen synthesis and wound contraction, synergistically impeding tissue repair [24] . Interestingly, there is minimal inflammatory cell infiltration seen in fetal wound repair during which the epidermis and dermis are restored to normal architecture without scar formation [25] .
Fibroblasts
Fibroblasts are responsible for collagen synthesis and the recovery of wound-breaking strength. Fibroblasts migrate into acute wounds within 2 days and are the major cell type in granulation tissue by the fourth day following injury. At first, fibroblasts populate the wound site through migration and increase in number by proliferation. Wound fibroblast migration and proliferation are both influenced by soluble growth factors and inflammatory mediators [26] .
In chronic ulcer studies, it was suggested that low wound-growth factor levels might result in dermal fibroblast quiescence and even senescence [27] . This may also be true in failing acute laparotomy and hernia wounds as an initially rapid rising growth factor signaling cascade became depleted. Relative fascial or tendon wound ischemia might also induce fibroblast cellcycle arrest. This would occur, for example, when a suture line is closed too tight, or in a patient who is in shock and soft-tissue perfusion is reduced. An ischemic laparotomy repair might also be deficient in the components and cofactors required for DNA and protein synthesis, again resulting in repair fibroblast cell-cycle arrest. Finally, too little or too much tension across the laparotomy tendon repair may disturb the optimal set point of a normal mechano-transduction mechanism, again resulting in premature laparotomy wound fibroblast cell-cycle arrest.
The precise histologic origin of abdominal wall fibroblast repair cells in healed versus herniated wounds is also unknown. Differences may exist in the chemotactic response of ventral (anterior) myofascial versus mesothelial surface fibroblasts following midline incisions. It is known, for example, that peritoneal surface defects heal by simultaneously re-epithelializing the entire wound surface as opposed to establishing an advancing epithelial edge as occurs in the skin [28, 29] . Because epidermal-to-dermal communication is known to occur during the healing of skin, it is possible that a similar mechanism may be active on the peritoneal surfaces of abdominal wall (fascial) wounds. Peritoneal fluid itself may modulate acute repair in the abdominal wall. During fetal wound healing, amniotic fluid can act to accelerate the recovery of wound-breaking strength in addition to minimizing the amount of scar formation.
Defects have been identified in the kinetic properties of fibroblasts cultured from laparotomy wound and hernia biopsies obtained from a rat model of incisional hernias [9] . It was observed that fibroblasts cultured from incisional hernias expressed a defect in causing the contraction of fibroblast-populated collagen lattices. Normally healing laparotomy wound fibroblasts caused 80% lattice contraction over 5 days, whereas hernia fibroblasts caused only 50% lattice contraction. The same studies found no difference in the level of collagen gene expression between herniated and healed laparotomy wounds after 28 days. The results suggested that any difference in collagen gene expression occurs earlier than postoperative day 28 in this laparotomy repair model, or that the defect in herniated wounds is not one of collagen gene expression. Other possibilities included down-stream abnormalities in collagen protein synthesis and assembly, early scar crystallization, and/or fibroblast remodeling activity.
Collagen
Collagen is the predominant structural protein, especially of abdominal wall fascial layers, comprising 80% or more of structural tissue dry weight. Defects result in either delayed or abnormal collagen synthesis or increased wound protease activity leading to collagen degradation. The result is an imbalance in repair collagen homeostasis leading to a reduction in wound collagen levels, wound tensile strength, and an increased risk of mechanical wound failure [30] . Lathyrism, a disorder of collagen cross-linking, and lathyrogens were shown to be associated with herniation. Reduced hydroxyproline and collagen levels were measured in structural tissues of patients with direct inguinal hernias [31] . Isolated fibroblasts from these patients expressed a proliferative defect and a reduced ability to translocate hydroxyproline. Subsequent to that work, apparent abnormalities in the ratios of collagen isoform expression, decreased collagen cross-linking, and increased collagen solubility were observed. A twofold increase in the amount of immature type III collagen was reported in the skin fibroblasts of patients with inguinal hernias when compared with nonhernia patients [15] . A genetic predisposition to the formation of abdominal wall hernias was also suggested in large, controlled series of abdominal aortic aneurysm patients, supporting the long-held impression of a common extracellular matrix defect in both vascular wall and abdominal wall collagen metabolism [32] [33] [34] [35] .
The mechanism by which the collagen-rich early laparotomy wound matrix attaches to uninjured tissue at the wound border is also poorly understood. This mechanism is important, as acute laparotomy wounds most often fail at the interface of scar to normal tissue [36] . Animal modeling shows that a provisional wound matrix mechanically fails within the scar itself only during the first 3 to 5 days after injury. After that, mechanical failure is more likely to occur at the interface of early scar to wound edge (Fig. 3) . Different tissue also heals at different rates. Native tissues with collagen bundles organized in a parallel orientation, such as fascia, ligament, or tendon, regain breaking strength faster than tissue with a more complex, three-dimensional fiber network, such as in the dermis [37] . Another way to describe this is by measuring the recovery in relative breaking strength, where wound progress is normalized to the uninjured tissue collagen content. The time required to achieve 50% wound-breaking strength is greater in tissue with high collagen contentdagain, as in the case of dermis. Conversely, more ''simply'' arranged soft tissues (eg, abdominal wall fascia) with lower tissue collagen content but organized in a purely parallel manner along lines of tension should achieve uninjured breaking strength faster.
Growth factors
Growth factors are tissue repair signaling peptides upregulated initially during the inflammatory phase of laparotomy wound healing. Five to 7 days are required, however, before peak levels of fibro-proliferative growth factors such as transforming growth factor-beta are reached within acute wounds [38] [39] [40] . It is not known whether delays in the appearance of fibro-proliferative growth factors contribute to the development of incisional hernias. Surgical wound therapy with proliferative growth factors is known to stimulate the appearance of fibroblasts and collagen into the wound, thereby accelerating the gain in wound-breaking strength [41] .
Nutrition
Tissue repair is an anabolic process that requires both energy and adequate nutritional building blocks. Patients who are malnourished or actively catabolic, such as in the systemic inflammatory response syndrome, demonstrate impaired healing. The National Surgery Quality Improvement Program, sponsored by the Veterans Administration, consistently measures low serum albumen as a risk factor for perioperative complications, including incisional hernia formation [42] . Inadequate nutrition also impairs the immune response-limiting opsonization of bacterial and sterilization of wounds. Several vitamin and mineral deficiencies also have been described that predispose to altered wound repair. Vitamins C, A, and B6 each are required for collagen synthesis and cross-linking. Deficiencies in vitamins B1 and B2 as well as zinc and copper cause syndromes associated with poor wound repair. Finally, essential fatty acids are required for cell synthesis, particularly in areas of high cell turnover such as healing wounds [43] .
Tissue perfusion
Perioperative shock is a well-recognized risk factor for incisional hernia formation [44] . Tissue oxygen levels of 30-mm Hg are required for healing to occur. Besides systemic hypotension, a too-tight continuous suture line closure may exacerbate laparotomy wound ischemia. Emergency operations may also be associated with wound contamination and altered surgical technique. Laparotomies following gunshot wounds to the abdomen or for perforated viscous may leave devitalized tissue and high levels of bacteria in the surgical wound. High wound bacterial counts are known to lead to wound failure, and in this case, incisional hernia formation [45] . During emergency operations, midline incisions are most common and they are usually longer than during elective procedures. There is evidence that midline incisions herniate more frequently than transverse incisions [20] . The collagen bundles of the abdominal wall are predominantly oriented transversely [46] . A transverse suture line is therefore mechanically more stable, as it encircles tissue collagen bundles, rather than splitting them.
The effect of surgical technique on the biology of laparotomy and hernia repair
Most studies designed to improve laparotomy and hernia wound outcomes have focused on surgical technique and the mechanical properties of suture material and mesh [2, 47, 48] . During the evolution of inguinal hernia repairs, it was assumed that a strong, stout tissue such as the conjoined tendon rigidly sutured to a similar structure like Cooper's ligament would produce a reliable hernia repair. Purely surgical approaches like this proved unreliable for many surgeons, and recurrence rates remained unacceptably high.
Surgical wound failure is most often due to suture pulling through adjacent tissue and not suture fracture or knot slippage [20] . Tissue failure occurs in a metabolically active zone adjacent to the acute wound edge where proteases activated during normal tissue repair result in a loss of native tissue integrity at the point where sutures are placed. The breakdown of the tissue matrix adjacent to the wound appears to be part of the mechanism for mobilizing the cellular elements of tissue repair.
Abdominal wall tendons and fascia are connective tissues placed under intrinsic and extrinsic loads that are likely dependant on mechanical signals to regulate fibroblast homeostasis. Mechano-transduction pathways are being described in greater detail in ligament, tendon, and bone repair [7, 36, 49] . Mechanical signals are transmitted to the structural cell via integrin receptors, for example, and subsequently effect repair cell metabolism through the modulation of cytoskeleton anchoring proteins. In brief, a load imparted on a soft tissue or bone is transmitted to structural cells through the extracellular matrix via transmembrane integrin receptors located on the cell surface. In one proliferative pathway, subsequent activation of the focal adhesion kinase complex leads to cytoskeletal changes and the further activation of downstream signaling tyrosine kinases like c-src and the mitogen-activated protein kinase proliferation pathway [49] .
The varying mechanical forces exerted across anatomically different celiotomy incisions such as midline versus transverse therefore may affect repair fibroblast activation, provisional matrix assembly and collagen deposition, and, ultimately, the temporal recovery of laparotomy wound tensile strength. Surgical experience has long held that transverse abdominal wall incisions oriented parallel to the predominant myofascial fibers regain unwounded tissue strength faster, but a clear benefit on wound outcomes has never been proven [20] .
Biology or surgery?
Optimized laparotomy wound healing therefore depends on the normal assimilation of both biologic and mechanical signals. Factors that interfere with either or both of these pathways will result in delays or defects in the early phases of acute wound healing. From the ''biologic'' perspective, this most commonly includes infection, ischemia, malnutrition, and pharmacologic inhibitors. From the ''mechanical'' perspective, this involves the reinforcing cycle of wound failure with a loss in optimal strain loads and a down-regulation of the mechano-transduction pathways normally activated to signal tissue repair. In one extreme, this is due to acute wound overload and overt mechanical failure, and in the other extreme may be due to acute wound underload due to a poor suturing technique or even the placement of a bridging mesh implant.
Preliminary observations found for the first time that an interactive biomechanical mechanism may be activated during acute laparotomy wound failure. In other words, mechanical failure alone might result in the abnormal function of repair cells. Fibroblasts isolated from otherwise normal rat hernias were observed to cause 50% to 75% less contraction of a fibroblastpopulated collagen lattice than those fibroblasts isolated from a normally healing wound. One possible mechanism for this loss in repair fibroblast kinetic and proliferative activity may be the reduction in mechanical signals that occurs as a structural soft tissue fails. As already discussed, it is known in tendon and ligament repair that mechano-transduction is an important pathway for setting fibroblast repair function [49] . From this perspective, an abdominal wall laparotomy wound behaves more like a ligament or tendon than skin during repair.
Abdominal wall physiology
As described above, well-controlled, prospective studies conclude that most laparotomy wound disruptions progressing to incisional hernias begin to form within 30 days of laparotomy wound closure [12] . In the animal models of hernia formation, laparotomy wounds are temporarily repaired with rapidly absorbed suture. Laparotomy wound-edge separation occurs early, resulting in incisional hernias due to incompletely supported mechanical loads. The incisional hernias that develop have well-defined hernia rings, hernia sacs, and visceral adhesions, all characteristic of the incisional hernias that develop in humans (Fig. 4) .
The function of intact abdominal wall structures during laparotomy repair and following hernia formation can be measured. This includes effects of the distractive load forces generated by the lateral oblique and midline rectus muscle and fascial components. When the midline laparotomy mechanically fails, pathologic disuse atrophy, fibrosis, and muscle fiber type changes occur in the abdominal wall muscles [50] . This pathologic change in the lateral abdominal wall musculature supports the important role that load signaling may play in abdominal wall wound repair. The observation is not surprising given the important function of the abdominal wall to support and animate the torso and to protect intra-abdominal organs. Surgically, it is equally likely that these pathologic changes cause reduced abdominal wall compliance and contribute to the difficulty in achieving durable incisional hernia repairs.
Most evidence supports that primary hernia formation derives from a biologic deficiency of the extracellular matrix of most patients. It is a soft-tissue disease. Risk factors like cigarette smoking and the metabolic syndrome likely contribute to the pathology. Once surgically repaired, the fundamental mechanism for recurrent hernia disease includes inadequate surgical technique and how that interacts with the biologic limits of wound healing. Incisional hernias may be considered chronic wounds expressing abnormal tissue repair pathways.
Summary
The fundamental mechanism of abdominal wall hernia formation is the loss of structural integrity at the musculo-tendinous layer. This results in the inability to contain abdominal organs, support upright posture, and maintain increased intraperitoneal pressure during Valsalva. Primary abdominal wall hernias have been associated with extracellular matrix diseases. Incisional hernias and recurrent inguinal hernias more often involve a combination of technical and biologic limitations. Defects in wound healing and extracellular matrix synthesis contribute to the high incidence of incisional hernia formation following laparotomy.
